Accordingly, the composite microstructures which appear to show the highest resistance to the growth of long cracks, show the lowest resistance to crack initiation and small crack growth. In general, dual-phase steels are found to display remarkable fatigue properties, with fatigue limits as high as 58% of the tensile strengths and fatigue thresholds in the range of 13 to 20 MPalril.
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I. INTRODUCTION
Crack extension is generally considered to be driven by the presence of a •crack driving force• and opposed by the resistance of the microstructure, where the driving force is globally defined by a characterizing parameter, such as the stress intensity K 1 , describing the dominant crack tip stress and deformation fields.
It is thus the perception that toughening, or restriction of crack growth, is achieved by increasing the inherent microstructural resistance, e.g.,
by coarsening particle spacings, etc. (intrinsic •toughening•*):
*"Toughening" is used here in a general sense to imply mechanisms which impede crack extension, and thus is applied to both subcritical and critical behavior.
However, in many cases, the actual source of toughness arises from a process of crack tip shielding, where crack extension is impeded by mechanical, microstructural and environmental factors which locally reduce the crack driving force (extrinsic •toughening•) (1, 2) .
Notable examples under monotonic loading are transformation toughening in ceram.ics (3, 4) and 1 igament toughening in composites (5) (Fig. 1 ).
Crack tip shielding processes are also of importance under cyclic loading, but relate primarily to crack deflection (6) and crack closure from wedging, bridging and sliding phenomena between crack surfaces (7) (8) (9) (10) (11) (12) (13) (14) (15) . Specific closure mechanisms can involve the wedging action of corrosion debris (8-10), fracture surface 1 asperities (11-13) and fluid pressure (14) , and the presence of cyclic plasticity in the crack wake (15) . With the exception of the latter, all are enhanced at low stress intensities due to smaller crack tip opening displacements (CTOD) and the greater tendency of cracks to follow a microstructurally-sensitive or crystallographic crack path.
For fatigue crack advance under small-scale yielding~ the effect of shielding is locally to reduce the nominal range of stress intensity, ~K, given by Kmax -Kmin• to some effective value, ~Keff! actually experienced at the tip, although computation of t.Keff depends critically on the dominant mechanism of shielding. For example, crack deflection produces a multiplicative reduction in Mode I stress. intensities, i.e.; ~K is reduced by a decrease in Kmax and. a smaller decreaset in Kmin' which may berexpected to have· an equal effect throughout the ra·nge of growth rates (unless· the crack path morphology changes). Bridging or sliding mechanisms, conversely, lower ~K by a decrease in Kmax and an increase in Kmin· Most closure mechanisms, however, involve principally wedging, where ~K is reduced by an effective increase in Kmin· Here ~Keff is defined in terms of a stress intensity Kcl to cause first contact of· the crack surfaces as Kmax-Kcl (1,7). These mechanisms predominate at lower growth rates where wedge sizes are comparable with CTODs.
Since shielding acts primarily on the wake of the crack, a direct implication is crack-size dependent behavior. This leads to resistance-curve fracture toughness behavior, where the driving force 2 to sustain cracking increases with an increase i-n crack length; anomalous •small crack• behavior, where at the same nominal driving force, small cracks propagate faster than long cracks, due to their higher local driving force from diminished shielding; and a contrasting role of •icrostructural factors in influencing crack initiation and small crack growth compared to long crack growth. Tables II and III, respectively. To minimize residual stresses, test specimens were machined following the final ice-brine quench (a surface layer of at least 3 mm was removed from all faces and edges), and then were stressrelieved for 2 hat 200°C. As subsequent fatigue surface showed 1 ittle influence of crack front curvature, such procedures were considered to be effective. Behavior~ however, is dependent on the volume fraction of martensite.
The dual-phase 26 pet martensite structure in AISI 1008 has the lowest growth rates over the entire range (from threshold to near instability), with a threshold t.KTH of over 20 MPa/iil (Fig. 3a) . This is to be compared with a value of 9.2 MPalrii in normalized AISI 1008, and represents a 120 pet increase. Growth rate behavior in the dualphase 46 and 67 pet martensite structures is less spectacular, but thresholds are still 40 to 45 pet higher than in the normalized steel. A similar influence of duplex microstructure is apparent in AISI 1015 steel ( Fig. 3b ), although differences are not as large; .the dual-phase 53 pet martensite structure shows the lowest growth rates, 9 with a t.KrH value of over 18 MPa/iii, 47 pet higher than in the * norma 1 i zed structure.
*It is important to note here that~ contrary to behavior usually reported for steels (18) , in both AISI 1008 and 1015 steels, the duplex microstructures show higher thresholds than the normalized structures, despite having yield strengths which are 48 to 102 pet higher. Based on previously reported results (19) (20) (21) (22) (23) ), this appears to be a characteristic of dual-phase steels.
Crack Table V . At low 6K, fatigue surfaces in the 26 pet martensite structure exhibited a rough 11 hill and valley'' type fracture, with an associated zig-zag path primarily through the ferrite (Figs. 5a,6a ).
Such fractures show high 1 i nea 1 roughness and high crack deflection angles (Table V) , characteristic of extensive crack closure induced by asperity wedging (roughness-induced closure). In contrast, surfaces in the 46 pet martensite structure resembled quasi-cleavage, were relatively planar (i.e., low crack deflection angles), and involved crack growth predominately in the martensite (Figs. 5b,6b ).
At high 6K, the crack path in both structures favored the ferrite phase and showed evidence of ductile striations (e.g., Fig. 5d ).
Fracture surfaces in the 26 pet martensite structure were similar to those at 1 ow 6K (Fig. 5c) , with the crack path showing marked crack (Table VI) gives a clear indication of the sources of crack tip shielding in these microstructures. First, the increased mean crack deflection angle and 1 ineal roughness in the 26 pet martensite structure suggests enhanced shielding by crack deflection and meandering, respectively, compared to the 46 pet martensite structure. Such shielding can remain effective at higher growth rates (1), although in the present case its effect will be diminished by 1 ess deflection at high t.K.
Second, the tortuosity in crack path, and consequently much 1 arger asperity sizes, will promote progressively higher levels of roughness-induced crack closure in the 26 pet martensite structure as t.K is reduced (Fig. 9) , consistent with the measured Kcl data (Fig.   4a ). Peak oxide thicknesses areal so comparable with cyclic CTOD levels close to t.KTH• indicating additional wedge shielding from are shown in Fig. 10 . Values of the unnotched 108 cycle fatigue limit (6crrH/2), representing a threshold for crack initiation {26,27), are listed in Table IV . It is pertinent to note that the 46 pet martensite structure in AISI 1008 and the 67 pet martensite structure in AISI 1015 show the highest fatigue 1 imits {i.e., 6crrH/2
C. Sma 11 Crack Behavior
Results of the small crack tests performed on the dual-phase 26
and 46 pet martensite structures in AISI 1008 are plotted in Fig. 12 .
Considerable scatter is apparent in crack growth rates, characteristic of naturally-occurring microstructurally-small cracks which undergo frequent impedence at grain boundaries and at ferrite/martensite interfaces. For example, cracks tended to undergo marked changes in direction to avoid martensitic regions (e.g., areas marked A in Fig. 13 Although care must be exercised in interpreting growth rate data plotted as a function of 6Keff' due to experimental uncertainities in the measurement of Kcl' the present results do show that small cracks, even after allowing for closure, can propagate below the 1 ong crack ( ~eff) thresho 1 d (Fig. 14 ) . Simi 1 ar behavior has been reported for microstructurally-small cracks in aluminum alloys (1, 28, 32) , and indicates that shielding via crack closure does not completely rationalize the enhanced growth rates of small flaws (although it clearly provides a major contribution). The nature of the other contributing mechanisms is currently uncertain (1,28), although naturally-occurring small cracks, unlike pre-existing long cracks, tend to nucleate at the "soft spots'' in the microstructure and grow into the most favorably orientated grains (33).
Furthermore, lrr situ measurements on microstructurally-small cracks in aluminum alloys (28,34) have indicated higher crack tip cyclic plastic strains, compared to long cracks at the same ~K.
IV. INTRINSIC VS. EXTRINSIC TOUGHENING
The intent of this study has been to show how composite microstructures in plain carbon steels can induce unusally good fatigue properties, through the enhancement of both intrinsic and extrinsic ''toughening" mechanisms. In fact, with respect to long crack growth behavior, the specific properties of the dual-phase 26 pet martensite microstructure in AISI 1008 steel represent the highest fatigue threshold reported to date for a metallic alloy, namely a ~KTH value above 20 MPa/lli (Fig. 15) . In Fig. 15 , it is also apparent that a unique characteristic of duplex microstructures is that their superior crack growth properties can be obtained without compromise in strength. (Fig. 16a) .
Next, predictions of the effect of crack deflection are applied to the nominally 1 inear crack path of the normalized structure ( Fig.   16b} , using two-dimensional linear elastic models (6) . Here, by considering repeated crack segments involving a deflection angle e, a deflected distance D, and an undeflected distance S, the effective stress intensity range, (6K) 0 , and growth rate, (da/dN) 0 , of an idealized deflected crack are given by (6}:
where ( ilK)L and (da/dN)L are the nomina 1 stress intensity range and growth rate of the 1 inear undefl ected Mode I crack, respectively. suggest that the contribution to shielding from deflection alone remains relatively small compared to that due to crack closure.
However, it is important to note that, while deflection is not a major extrinsic 11 toughen i ng 11 mechanism ~ se, its occurrence generally promotes other, more potent, shielding mechanisms, such as roughness-induced crack closure during fatigue or crack bridging in ceramics (35) .
With reference to the AIS I 1008 stee 1, a 1 though the duplex 26 pet martensite structure displays optimum (long) crack growth properties due principally to the extrinsic mechanisms of crack deflection and closure, in terms of intrinsic fatigue resistance, t~e 46 pet martensite structure apparently is superior. This is shown by its higher fatigue 1 imit (Fig. 10) , marginally slower small crack growth rates (Fig. 11) , lower long crack growth rates (as a function of ~Keff) and higher long crack effective threshold (once closure has been removed) (Fig. 14) . Enhanced extrinsic 11 toughening 11 in the dual phase 26 pet martensite structure can be attributed to the crack preferentially following the softer phase (the ferrite is continuous in this structure) and to crack deflection at ferritic/martensitic interfaces, both of which induce the tortuous crack path.* In the 46 *The incorporation of a continuous soft phase is also used in the toughening of ceramic composites. For example, in tungsten carbide, the addition of cobalt as a continuous soft phase induces a tortuous crack path in the metal, which imparts significant extrinsic toughening from deflection and associated crack bridging.
pet martensite structure, where the near-threshold crack path favors the martensite, crack extension is intrinsically slower, presumably due to the higher strength of this phase. This is consistent with studies (26,27) which have identified the fatigue limit in dual-phase steels with the presence of microcracks, which initiate in the ferrite yet arrest in the martensite. However, higher volume fractions of martensite do not appear to offer further advantages (20) .
Finally, the fatigue behavior of dual-phase steels is an exce 11 ent example of extrinsic "toughening" (2) . The mechanisms of such toughening are largely dependent on such variables as crack size, geometry, CTOD, etc., and thus, unlike intrinsic toughening,
are not a property of the material'. Where this approach can be utilized, i.e., with materials of 1 ow intrinsic toughness or where crack growth occurs at low stress intensities, the very potent effect of crack tip shielding mechanisms in inducing superior long crack growth properties must be tempered with significantly enhanced small crack effects, and contrasting effects of microstructure on crack initiation and crack growth. Similar behavior is to be expected in other microstructures which show significant crack path meandering. This is apparent in other dual-phase microstructures, such as duplex a./6 titanium alloys (36) , or where crack deflection can be induced
crystallographically. An excellent example of the latter case is in coherent particle hardened materials showing marked planar slip behavior, such as aluminum-lithium alloys, which, compared to r traditional aluminum alloys, display superior long fatigue crack growth properties (37) (38) (39) (40) , yet very high small crack growth rates ( 32, 40) .
Y. COICLUSIOIS
Based on an investigation into the role of crack tip shielding in influencing the initiation and growth of long (.G 20 mm) and naturally-occurring small (10 4. Such high measured levels of crack closure in the dual-phase microstructures were consistent with an increased tortuosity of crack path. Such tortuosity, which was induced by preferential crack paths in the softer ferrite, and/or from marked crack deflection at ferrite/ferrite and ferrite/martensite interfaces, was considered to result in a significant contribution to crack tip shielding, from both crack deflection and roughness-induced crack closure. Using simple modeling concepts, the contribution to shielding from, closure was estimated to be the more significant.
From smooth bar S/N tests on the duplex microstructures, fatigue
1 imits {representing an effective threshold stress for crack initiation) were found to be in the range of 0.4 to 0.6 of the UTS. In both steels, the ranking of the microstructures with highest resistance to crack initiation was exactly the opposite to that for crack growth {based on da/dN vs. 6K data). When analyzed in terms of 6Keff {after correcting for closure), ' however, the rankings of the microstructures in terms of crack initiation and growth became identical.
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6. In the duplex 26 and 46 pet martensite structures in AISI 1008, small cracks were observed to propagate at stress intensity ranges as low as 1.5 MPalrii, almost an order of magnitude lower than the (nominal) long crack t.KTH thresholds. However, when plotted in terms of t.Keff (after correcting for closure), close correspo~dence was achieved between long and small crack growth rate behavior (except below t.KTH,eff).
No evidence of an intrinsic threshold for small crack growth was apparent. Despite the fact that long crack growth rates were significantly slower (at fixed t.K) in the 26 pet martensite structure, small crack growth rates were marginally faster.
7. The contrasting effects of duplex microstructure on resistance to long crack growth, compared to crack initiation and small crack growth, are characteristic of behavior governed by the mutual competition of extrinsic and intrinsic "toughening" mechanisms.
The most potent crack tip shielding, which impedes long crack growth, is achieved from crack tortuosity, via preferential crack paths in the ferrite. However, as shielding is of minimal significance for cracks of limited wake, optimum crack initiation and small crack resistance is apparent where cracks primarily intersect the martensite. 
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